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Doppler wind lidar (DWL) uses the optical Doppler effect to measure atmospheric wind
speed with high spatial-temporal resolution and long detection range and has been widely
applied in scientific research and engineering applications. With the development of related
technology, especially laser and detector technology, the performance of the DWL has
significantly improved for the past few decades. DWL utilizes different principles and
different tracers to sense the wind speed from the ground to the mesosphere, which leads
to the difference in choosing the laser working wavelength. This article will review the
working wavelength consideration of DWL, and typical DWLs will present from ultraviolet to
near-infrared, after which three typical applications will be shown.
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INTRODUCTION

Lidar has a wide range of applications in atmospheric research, including the characterization of
atmospheric aerosol particles (Xia et al, 2015), clouds and visibility (Yu et al, 2017), the
concentration of various trace gases such as carbon dioxide (Yu et al, 2021), water vapor
(Browell et al., 1979), and atmospheric temperatures (Xia et al., 2014). This article will focus on
the Doppler wind lidar (DWL) that utilizes the Doppler effects to remote sensing the atmospheric
wind speed. The overviews of DWL principles, techniques, and applications can be found in books or
review articles (Werner, 2005; Weitkamp, 2006; Banakh and Smalikho, 2013; North et al., 2014;
Reitebuch and Hardesty, 2021). This article will introduce the typical DWLs from the perspective of
working wavelengths, with a particular focus on the latest DWL systems and their applications.

Different types of wind lidars with the wavelength from ultraviolet (UV) to near-infrared (NIR)
allow measurements in different altitude regions of the atmosphere from the atmospheric boundary
layer (ABL) with high aerosol content to the upper troposphere, stratosphere, and even mesosphere
with molecules as backscattering targets. As coherent Doppler wind lidar (C-DWL) relies on the
measurement of the spectrally narrowband aerosol and cloud returns, C-DWL can measure the wind
speed in the aerosol-rich ABL. Whereas, the direct-detection wind lidar (D-DWL) can detect both
narrowband backscattering and broadband signal, and it can measure the atmospheric wind speed
from the ground to mesosphere.

D-DWLs rely on the measurement of the signal intensity or the number of photons, which makes
a good use of one or more narrowband filters and determines the Doppler frequency that shifts from
the transmitted signal strength through this filter, called the edge technique, or from the radial-
angular distribution or spatial movement of the interference patterns (fringes) of an interferometer,
called the fringe imaging technique or interferometric techniques (Weitkamp, 2006). The most
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common D-DWL lidar uses the powerful commercial Nd:YAG
laser that can emit the laser at 1,064, 532, and 355 nm with the
feature of high robustness and reliability. Benefiting from the
development of single-photon detector and fiber laser at NIR, the
micro-pulse D-DWL at 1.5um has recently been developed
(Shangguan et al., 2016; Xia et al,, 2016). As the single-photon
sensitivity in detection, long-range wind detection can be realized
with a low-power laser and a small-aperture transceiver.
Originally, DWLs were large heavy instruments, but owing to
the use of components developed for use in optical fiber
communication at 1.5pum, lidars have been improved in
compactness, reliability, and ease of use.

Whereas, the fundamentals of C-DWL are based on
heterodyne techniques. C-DWL not only measures the
intensity of backscattering signal but also additionally
measures the phase and frequency of the backscattered signal.
In order to acquire the high coherent mixed-frequency efficiency,
C-DWL uses higher wavelength than D-DWL, from the NIR even
to mid-infrared. Especially, with the development of eye-safe
fiber-based C-DWLs at 1.5 um starting in the mid-1990s, the first
commercially available products became available about 15 years
later. As C-DWLs rely on the measurement of the spectrally
narrowband aerosol and cloud backscattering signal, they can, in
principle, achieve higher precision for the same signal-to-noise
ratio (SNR) as D-DWL relies on the backscatter of broad
bandwidth molecular signals. In fields like aviation safety and
aerodynamics design, high spatial-resolution wind detection is
highly demanded. However, improving the spatial resolution of
C-DWL is generally more difficult than that of D-DWL. Since the
spatial resolution enhancement of DWL is generally achieved by
reducing the pulse duration of the transmitted laser according to
the basic lidar equation, it inevitably induces the sacrifice of other
properties, such as the SNR, maximum detection range, and real-
time data processing of C-DWL. To solve this problem, various
methods have recently been developed in the C-DWL, including a
joint time-frequency analysis (JTFA) method (Wang et al., 2018),
Golay coding technique (Wang et al., 2019), and differential
correlation pair (DCP) technique (Zhang et al, 2021). Apart
from the derived LOS wind speeds, C-DWL also provides a
spectrum information that has been applied for precipitation
observation (Wei et al., 2019), cloud identification (Yuan et al,,
2020), and other applications (Wei et al., 2021).

In addition to the derived LOS wind speeds, the backscattered
intensities, SNR, or carrier-to-noise ratio (CNR) are derived from
Doppler wind lidars and used for atmospheric scene classification
similarly as for backscatter lidars. Thus, the vertical extent and
boundaries of aerosol and cloud layers, as well as the height of the
ABL, are determined from DWLs (Wang et al., 2021). In addition
to the mean component of the wind vector, its turbulent
fluctuations around the mean can be derived from DWL
measurements with high temporal resolution (Jiang et al,
2021). This is mainly the case for turbulent vertical wind
fluctuations, where vertical pointing instruments are used.
Also, quantities such as the turbulent energy dissipation rates
can be determined with a DWL, and recently, cloud,
precipitation, wind shear, and turbulence have been identified
by deep analysis on the power spectrum of C-DWL (Yuan et al.,
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2020). An excellent review about the measurement and the
derivation of turbulent quantities is provided in (Sathe and
Mann, 2013) a textbook about coherent DWL (Banakh and
Smalikho 2013).

In conclusion, D-DWLs are usually operated at a short
wavelength, from UV to visible band, and recently have been
expanded to NIR with the application of single-photon
technology, whereas C-DWLs operate at a longer wavelength
from NIR to even mid-NIR to guarantee the mixing efficiency. By
using the wavelength in NIR, various commercial C-DWLs are
applied for wind detection in the aerosol-rich ABL and cloud
movement in the boundary layer and troposphere. Whereas,
D-DWL operated UV band allows the determination of wind
speeds in the troposphere, stratosphere, and even up to the
mesosphere based on molecular backscatter. Thus, the
D-DWL offers a unique capability to measure higher-altitude
winds. Various applications have been carried out with DWLs,
especially with the improvement of spatial resolution and deep
analysis of power spectrum, and the application areas are
expanded from atmospheric research and wind energy to
grave wave detection, turbulence identification, and even
precipitation detection. Therefore, this article will focus on
recent advances of DWLs from the perspective of working
wavelength and show three typical applications of DWLs.

This article is originated as follows. Firstly, the consideration
of DWL wavelengths is summarized, and the principle of wind
detection is taken into account. Secondly, recent advances in
DWL from UV to NIR band are presented, with a focus on typical
wind lidar systems, followed by a discussion of the trends of DWL
at different wavelengths. Then, the applications of DWL are
summarized. Finally, discussion and conclusions are provided.

WORKING WAVELENGTH
CONSIDERATIONS

The choice of the wavelength of DWLs is first and foremost
related to its detection principle. There are two fundamental
principles used to determine the Doppler shift. In the first
method, which is direct detection, an optical frequency
discriminator or spectrum analyzer converts the optical
frequency change into a change in power or the spatial
distribution of power. In these direct detection lidar systems,
the return optical signal is filtered or resolved into its spectral
components prior to detection. In the second method, no optical
frequency discriminator or spectrum analyzer is used. Instead, the
backscattering signal is optically mixed with a local oscillator
laser, and the resulting beat-signal frequency is, except for a fixed
offset, the Doppler shift due to the moving particles.

As shown in Table 1, NIR is preferred to obtain a better
coherent mixed-frequency efficiency for C-DWLs. C-DWLs
operated at shorter wavelengths require highly accurate optical
instrument surfaces and are more sensitive to the atmospheric
refractive index changes and atmospheric turbulence, both of
which deteriorate the mixed-frequency efficiency. However, the
D-DWLs are operated from UV to NIR by measuring the
broadband molecular backscatter or narrowband Mie
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TABLE 1 | Differences in the selection of working wavelength between C-DWLs and D-DWLs.

Detection Direct detection -
principle - Coherent detection
Wavelength 355 nm 532 nm 589 nm 1.06 um 1.5 um 2 um 10.6 um
Laser Nd:YAG Nd:YAG Dye laser Nd:YAG Raman; OPO; Nd: Tm:YLUAG; CO, gas laser
YAG; Er TmH:YAG
Tracer Aerosol and Aerosol and Sodium atom Aerosol and Aerosol Aerosol Aerosol
molecule molecule molecule
References Xia et al. (2012) Wu et al. (2003) She and Yu Xia et al. (2007) Phillips et al. (1997) Henderson et al. Marinov et al.
(1994) (1991) (1996)

backscatter. Since D-DWLs can utilize the molecular backscatter,
by taking the advantage of the A™* dependence of the molecular
backscatter, D-DWL offers a unique capability to sense the wind
speed in the stratosphere, even up to the mesosphere.

DWL mainly comprises a transmitter, receiver system, data
acquisition system, and data analysis system. The essential
components of the DWL transmitter are the laser. From UV to
NIR, the gain media of laser is distributed over three bands,
namely, 1.0, 1.5, and 2.0 um, in which the laser source could
obtain high-pulse energy. Due to its robustness and reliability,
the most common source used in D-DWL is a commercial
Q-switched Nd:YAG laser that operates at the wavelengths of
1,064, 532, and 355nm. Among the D-DWLs, solidum
D-DWL is a Na doppler resonance fluorescence lidar and
assembles with yellow 589-nm laser to excite sodium atoms
in the mesopause region. Moreover, D-DWL operated at
1.5 um is developed by the single-photon detector at NIR.
In principle, the SNR of lidar is dominated by the product of
laser power and the telescope area. Although the detector used
in a lidar finally decides the quality of the raw data, its
contribution is often neglected. Since the commercial
InGaAs avalanche photodiode suffers from low efficiency
(about 18%), high noise (a few kHz) due to impurities, and
defects of the cathode material, the wavelength at 1.5 um is not
applied for D-DWL. Recently, with the development of a
single-photon detector at 1.5 um, including frequency up-
conversion detector (UCD) and superconducting nanowire
single-photon detector (SNSPD), the wavelength of 1.5 um
was applied in D-DWL.

In order to achieve high mixing efficiency, C-DWL applied
laser with the longer wavelength at 1.06, 1.5, 2.0, and 10.6 pm.
Among those wavelengths, the most mature wavelength is at
1.5 um, due to its eye safety, compact size, flexible arrangement,
and mature fiber component technology from the
telecommunication industry.

For the full-time automatic operation of lidars in the field, in
addition to the laser and detector, the issues of atmospheric
transmittance (Angstrom, 1929), solar background noise, and
maximum permissible exposure should be taken into accounts.
Comparatively, the wavelength of 1.5um shows the highest
maximum permissible exposure in the wavelength ranging
from 0.3 to 10 pum (Institute and America, 2007). What is
more, in contrast with UV and visible systems, 1.5-um lidars

suffer lower atmospheric attenuation, minor disturbance from
Rayleigh scattering, and weaker sky radiance. In addition, it is
important to avoid the absorption of the transmitted laser by
other molecular atmospheric components, such as water vapor,
carbon dioxide, etc.

DIRECT-DETECTION DOPPLER WIND
LIDAR FROM 355nm TO 1.06 pm

In the altitude range from the upper troposphere to the
stratosphere, where the Mie backscattering signal is usually
weak, Rayleigh DWL is the unique wind remote-sensing
instrument with high spatial and temporal resolution. Global
wind field measurements throughout the troposphere and lower
stratosphere are essential for understanding and predicting the
future state of the earth-atmosphere system. High accuracy and
real-time wind measurement will also address some vital needs
such as Air Force operations, hurricane tracking, epidemic
prevention, and potential chemical biological release trajectory
prediction.

Although the first D-DWL has been demonstrated about
40 years ago, there are only a few reports of stratospheric wind
measurements using Rayleigh D-DWLs. The wind detection
up to 50 km was first realized using a double-edge Fabry-Perot
interferometer (FPI) as the frequency discriminator at the
Observatory of Haute Provence (OHP), France (Chanin
et al., 1989). A similar Rayleigh lidar based on a single FPI
was developed for wind measurement to an altitude near 60 km
at the Arecibo Observatory (Tepley, 1994). Later, the pressure-
scanned FPI was replaced by a molecular iodine filter
(Friedman et al.,, 1997). Both FPI and iodine filter were
reported to mid-altitude wind measurement at the
ALOMAR research station near Andenes, Norway (Rees
et al., 1996). Recent experiments demonstrated its ability of
measuring the wind and temperature up to 80km. The
working wavelength of all literature cited in the Ilast
paragraph is 532 nm.

Goddard Lidar Observatory for Winds (GLOW) mobile DWL
was developed using double-edge FPI and frequency-tripled Nd:
YAG laser at 355nm at NASA Goddard space flight center
(Gentry et al., 2000). A similar mobile Rayleigh DWL was
built at the University of Science and Technology of China
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(USTC) (Xia et al., 2012). The semi-continuous observed result of
mid-altitude wind field from USTC is shown in Figure 1.

The exploitation of global wind profiling by the use of
spaceborne wind lidars just started with the launch of
Aeolus in August 2018 (Reitebuch, 2012). The Aeolus
mission is supposed to improve the quality of weather
forecasts and the understanding of atmospheric processes.
The commonly used double-edge technique was also applied
on Aeolus.

The Doppler shift carried by Mie or Rayleigh backscattering
can be determined directly using high-resolution frequency
discriminators, such as FPI (Xia et al, 2007), iodine
absorption filter (Liu et al, 2002), Fizeau interferometer
(McKay, 2002), Mach-Zehnder interferometer (Bruneau et al.,
2004), and Michelson interferometer (Cézard et al., 2009). In the
ADM-Aeolus payload ALADIN, a Fizeau interferometer and a
double-edge FPI were used to analyze the Mie and Rayleigh
backscattering, respectively (Paffrath et al., 2009; Reitebuch et al.,
2009).

Mobile Rayleigh D-DWL

A mobile Rayleigh DWL based on the double-edge technique
was developed for mid-altitude wind observation at USTC
(Xia et al., 2012; Shangguan et al., 2015). The whole lidar
system is integrated into the first truck. Wind observation
over 2 months was carried out in Urumgqi (42.1°N, 87.1°E),
northwest of China, which demonstrates the stability and

robustness of the system. For the first time, the quasi-zero
wind layer and dynamic evolution of high-altitude
tropospheric jet were observed based on Rayleigh DWL
in Asia.

Spaceborne D-DWL

The designs and measurement principles of Spaceborne wind
lidar on Aeolus have been extensively specified in previous
publications that have described the satellite (Stoffelen et al.,
2005; Reitebuch, 2012; Lux et al, 2019) and airborne
demonstrator A2D (Paffrath et al., 2009; Reitebuch et al.,
2009), respectively. Satellite DWL ALADIN (atmospheric
laser Doppler instrument) on Aeolus consists of a
frequency-stabilized, ultraviolet laser transmitter, a
Cassegrain telescope, front optics, and a dual-channel
receiver. The latter is composed of a Fizeau interferometer
and sequential FPI for analyzing the Doppler frequency shift
from particulate and molecular backscatter signals,
respectively. The validation of the instrument performance
and retrieval algorithms was conducted by comparison with
DLR’s coherent wind lidar that was operated in parallel, as
shown in Figure 2, which indicates a systematic error of the
A2D line of sight winds of less than 0.5 m/s and random errors
from 1.5 (Mie) to 2.7 m/s (Rayleigh) (Lux et al., 2018). After
the launch of Aeolus, several ground-based C-DWLs have been
deployed to verify the wind observations from Aeolus (Wu
et al., 2021).
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D-DWL at 589 nm

In addition to the Mie scattering and Rayleigh scattering signals,
there is another direct detection lidar based on fluorescence
backscattering for wind speed detection in the mesopause region.

She and Yu (1994) at Colorado State University implemented
narrow-band sodium wind lidar, which used a dye laser at a
wavelength of 589nm to induce the fluorescence in the
mesopause region (80-105km) (She and Yu, 1994; Krueger
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et al., 2015). This lidar was then upgraded to 24-h continuous
observation in 2002. Subsequently, another research group from
the University of Illinois at Urbana-Champaign developed a Na
wind/temperature lidar for simultaneous detection of Na density,
atmospheric temperature, and vertical winds between 84 and
100 km (Gardner et al., 1995).

The research groups of Li at USTC following the CSU sodium
fluorescence Doppler lidar developed a narrowband high-spectral
resolution sodium temperature/wind lidar in 2012 (She et al,
2002; Li et al,, 2012). The sodium density, temperature, zonal
wind, and gravity wave (GW) zonal momentum flux were
observed by the USTC Na doppler lidar between January 2012
and December 2016 at Hefei, China (Li et al., 2018). The research
groups of Cheng at Wuhan Institute of Physics and Mathematics
(WIPM), Chinese Academy of Sciences, developed a solid-state
sodium Doppler lidar for simultaneous wind and temperature
measurement at YanQing Station, Beijing, in 2017 (Xia et al,
2017).

DIRECT-DETECTION DOPPLER WIND
LIDAR AT 1.5pm

D-DWL Based on Up-Conversion
Single-Photon Detector

In contrast to earlier DWLs based on free-space optics, the use of
fiber-optic elements and integrated devices at working
wavelengths of 1.5pum offers practical advantages, including
mechanical decoupling and remote installation of the
subsystems, simplification of configuration and alignment, and
enhancement in coupling efficiency and long-term stability. In
2016, the single-photon D-DWL at 1.5 um was developed by
using an UCD (Shangguan et al., 2016; Xia et al., 2016). The UCD
upconverts photons at a communication band to visible photons
when quasi-phase matching is achieved in a periodically poled
lithium niobate waveguide. Then single photons at 1.5 pm can be
counted by using a Si avalanche photodiode with high efficiency,
low noise, and less afterpulsing.

The commonly used double-edge technique was applied on
1.5-um D-DWL. The transmission curve and reflection curve of a
single-channel fiber-FPI were applied to construct the double-
edge. The double-edge technique is implemented by using a
convert single-channel FPI and a single UCD, incorporating a
time-division multiplexing method. The transmitted signal
through the FPI is coupled into a UCD, while the reflected
signal is timely delayed, after propagating through a circulator
and an 8-km polarization-maintaining fiber. By using an optical
switch, the transmitted and reflected signals can be directed into
the detector alternatively. A D-DWL is operated in a photon-
counting mode, thus making it easy to record and process the raw
data. Since the lidar adopts an all-fiber and polarization-
maintaining architecture, the accuracy and stability of its
system are improved substantially.

The continuous 48-h detection results of the single-photon
DWL are displayed in Figure 3 with 1-min temporal resolution
and 30-m spatial resolution. Comparing the simultaneous
measurement of the single-photon lidar and another installed

Doppler Wind Lidar from UV to NIR

ultrasonic anemometer, the difference between both is counted
with an average variation of 0.05m/s in wind speed, —0.84" in
wind direction, and the standard deviation of 1.04 m/s in wind
speed, and 12.3° in wind direction.

D-DWL Based on Superconducting

Nanowire Single-Photon Detector

The conventional double-edge DWL utilizes the double-channel
FPI, which leads to complex systems, high operating costs, and
the challenge of repeated calibration. To solve those challenges, a
proposal of double-edge wind lidar based on dual-frequency laser
pulse arose (Shangguan et al., 2017). One of the frequencies ( f5)
of the dual-frequency laser is in the rising edge of the FPI
transmission curve, while another one (fy) is in the falling
edge. When the Doppler shift happens in atmospheric
backscattering signals, the difference of transmission of the
dual-frequency signal could be observed, which enables us to
discriminate the frequency.

The D-DWL utilizes the SNSPD with the highest signal/noise
ratio at 1,550-nm wavelength. It owns over 60% quantum
efficiency and less than 300 Hz dark count and enables a high
signal/noise ratio detection by the wind lidar. A continuous
atmospheric observation experiment is performed under dual-
frequency DWL, and the wind field evolution process in the ABL
before thunderstorms is captured.

COHERENT DOPPLER WIND LIDAR

C-DWL at 1.06 ym

In 1985, Kane et al. (1987) from Stanford University developed a
1.06-um C-DWL based on Nd:YAG laser, using a flash lamp
pumped (FLP) laser with an amplified pulse power of 2.3 kW,
which conducted the observation of 600-m wind field and 2.7-km
high cloud. Another research group led by Kavaya et al. (1989)
also successfully developed a 1.06 C-DWL system with 8-m] pulse
energy at 1-us width and 5-m]J energy at 0.5-us width at 10-Hz
repetition frequency and detected the horizontal wind field at
3.75km distance. Subsequently, under the cooperation of
Coherent Technology Inc. NASA George C. Marshell Space
Flight Center (MSFC) and NASA Langley Research Center
(LaRC), the C-DWL system was upgraded with 1-] pulse
energy and 10-Hz repetition frequency to ensure the
launching and landing safety of STS Discovery OV-103
spacecraft in Kennedy Space Center (KSC), and the wind field
detection from ground to 26-km height was conducted (Hawley
et al., 1993). Due to the eye safety considerations, 1.06 um was
gradually replaced by 1.5- and 2-um bands.

C-DWL at 2.0pm
The exposable power of a 2-um laser is four orders larger than
1.06 um, which shows great superiority to a 2-um laser in eye
safety. Out of consideration for safety, the 2-pm all-solid-state
C-DWL system has wider applications.

The first 2.09-um C-DWL with a Tm, Ho:YAG laser of FLP was
developed by the research group of Henderson et al., (1991) (Suni
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and Henderson, 1991). In the following year, Suni and Henderson
(1991) further optimized the lidar system and accomplished the
wind field detection at 20-km distance and hard subject detection at
145 km with 2-um laser, 20-m]J pulse energy, and 20-cm-diameter
telescope (Henderson et al., 1993). Based on this technique, the CTI
Company adopted a Tm:YAG laser with a pure semiconductor
pump to develop the first 2.01-um onboard C-DWL with an InGaAs
photodiode, 1.8-m] pulse energy, 0.5-ps width, and 75-m distance
resolution. It has been utilized to conduct an onboard detection in
NASA Boeing 737 aircraft in 1994. The wind shear and microburst
were observed (Targ et al., 1996). With a promoted design, the
accuracy of the onboard detection of wind velocity reached 10 cm/s
in 1996. The NOAA conducted a high-resolution wind field
detection with the highest spatial resolution of 30 m based on
shipboard (Wulfmeyer et al, 2000) and land-based system
(Newsom and Banta, 2003) using the C-DWL of a similar
design. With the promotion of 2-um laser and data-processing
techniques, Lockheed Martin Coherent Technologies, Inc. has
commercialized the WindTracecr series C-DWL system (Gatt
et al., 2015).

The NASA and United States Air Force applied a C-DWL
system with high-pulse energy and 100-Hz repetition frequency
in airborne detection of CAT and surrounding wind field. Kavaya
etal. (2014) from NASA reported the measurement results of a 2-
pum C-DWL with 250-mJ pulse energy, 10-Hz repetition
frequency, and 180-ns width.

In 2010, the research group from HIT constructed a 2-um
C-DWL with 2-m] single-pulse energy, 100-Hz repetition
frequency, 300-ns width, and a telescope of 150-mm diameter,

to verify the theoretical model, optical signals at 2 um, and signal-
processing algorithm. The heterodyne signals at 16- and 96-m
distance are gained (Bu et al., 2015).

Regarding the complete differentiation and statistical theory,
the research group from BJUT built a common error analytical
model of the synthesis horizontal wind speed and direction of the
spaceborne 2-pm C-DWL and gave a detailed analysis of the key
technology (Bu et al., 2015).

C-DWL at 1.5pum

Entering the 20th century, with the fiber-optic communication
technique development, the 1.5-m C-DWL with a compacter
internal structure and higher luminance efficiency has become an
emerging area in the lidar field.

From the birth of the first CO, C-DWL, Lockheed Martin
Coherent Technologies (LMCT) has always been devoted to
C-DWL technique development. It has commercialized one 2-
pum WindTracer C-DWL in 2002, while the current WindTracer
series has been upgraded into 1.617-pm Er:YAG laser-based lidar.
NASA applied the WindTracer system in the detection of wind
shear and CAT and subsequently modeled and predicted the
aircraft vortices in 2009, at the Denver International Airport
(Proctor and Hamilton, 2009).

The single-pulse energy of 3 m] requires extremely high
requirements of the laser performance and optical element
quality, and thus, the lidar is fragile and has a short life span
resulting in low applicability (Prasad et al., 2016). To solve that,
NASA developed another all-fiber Windimager C-DWL system
based on Er glass fiber laser.
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Spuler et al. (2011) from NCAR conducted an aircraft
forward-turbulence measurement on August of 2010 using a
continuous-wave (CW)-based C-DWL. The telescope of 50-
mm diameter focusing 30 m ahead of the aircraft was installed
in the nacelle of the aircraft wing. Compared with the flight speed
collected by the pitot tube of the aircraft, the accuracy of the lidar
wind speed detection is 0.052 m/s higher.

Engin et al. (2016) from the world-famous optoelectronic
company FiberTek Inc. numerically simulated the turbulence
and wake vortices of Boeing 747 aircraft and conducted a real
detection using their self-developed C-DWL prototype, which
works at 1.55-um operation wavelength and 2.5-kHz linewidth.
When the repetition frequency is 20 kHz, the relative intensity
noise (RIN) is lower than —140 dBc/Hz and the AOM frequency
shift will be 55 MHz. After the utilization of a second-order laser
amplifier system, the output laser pulse energy reaches 120 pJ
with a 25-kHz repetition frequency and 800-ns width.

Mitsubishi Electric Corporation (MEC) has always been
devoted to the C-DWL development since the end of the
1990s (Kameyama et al, 2013). Regarding the 1.53-um
semiconductor seed laser, MEC’s Asaka et al. (1998) applied
an Er, Yb:glass laser amplifier to increase its single-pulse energy to
2.5m] in 1998, which is able to detect horizontal distance at
800 m with a telescope at the diameter of 600 mm.

Later, Yanagisawa et al. (2001) upgraded the Er, Yb:glass
laser into 1.54 um, one with 10.9-m]J single-pulse energy, 228-
ns width, and 15-Hz repetition frequency, and it was used in
the wind field detection at 5-km distance measured by a
telescope of 100-mm diameter (Asaka et al, 2001). After
another upgradation of the 1.54-uym C-DWL system by
Fujiyoshi (2007) from MEC, the detection distance reached
10 km, and subsequent field measurements were conducted.
The all-fiber system is characterized by its compact internal
structure, convenience in installation and maintenance, low
cost, and stable system. MEC has reported their research
progress of all-fiber C-DWL system in 2002 and introduced
their prototype in 2003 (Kameyama et al., 2007), following
with the first commercialized LR-05FC (Ando et al., 2008). The
upgraded all-fiber C-DWL LR-08FS was applied in Hongkong
Airport in 2010 (Chan and Lee, 2012). With the utilization of
thick core fiber of 25-um diameter and second-order laser
amplification in LR-05FS, the single-pulse energy reached
179 yJ, which enables the horizontal wind field detection of
greater than 10 km. MEC has already owned three product
series of all-fiber C-DWL according to their detection distances
(Inokuchi et al., 2009a; Inokuchi et al., 2010).

Through the application of the planar lightwave circuit (PLC)
technique and second-order laser amplification technique,
Sakimura et al. (2013) further amplified the laser output
power with a longer detection distance at 30 km. Later in
2014, MEC reported their airborne test result. This system
allowed horizontal detection at greater than 9-km distance,
which enables CAT detection 30s in advance (Kameyama
et al., 2012; Sakimura et al., 2013).

Subsequently, in 2014, MEC reported the results of airborne
experiments with the system (Inokuchi et al., 2009b). At a flight
altitude of 12 km, the system achieves a horizontal detection

Doppler Wind Lidar from UV to NIR

range of >9 km and can be used to detect turbulence in clear skies
up to 30 s in advance (Inokuchi et al., 2014).

French Office national d’études et de recherches aérospatiales
(ONERA) first reported their 1.5-um C-DWL in 2008 (Dolfi-
Bouteyre et al, 2008), and the measurement of aircraft wake
vortices. Considering the stimulated Brillouin scattering effect in
the fiber, ONERA self-developed a fiber laser amplifier containing
Er, Yb (Canat et al., 2007).

In 2009, ONERA upgraded the first-generation C-DWL
system with a three-order pump to amplify the seed laser and
a large mode area fiber to suppress the stimulated Brillouin
scattering. Its laser energy is increased to 120 uJ to measure
the aircraft wake (Dolfi-Bouteyre et al.,, 2009a; Dolfi-Bouteyre
et al., 2009b). Through strain addition in the large-mode area
fiber, ONERA further raised the stimulated Brillouin scattering
threshold of fiber in 2014 (Renard et al, 2014), consequently
succeeding in longer-than-10-km wind field detection with 370 pJ
single-pulse energy. Later in 2015, ONERA used multi-amplifiers
in parallel to enhance the pulse energy of fiber laser (Lombard
et al, 2015b), which completed a 16-km-distance wind field
detection with 500-pJ pulse energy (Lombard et al, 2015a).
Under the cooperation with Leosphere Company, this laser
has been applied in WindCube Series (Thobois et al., 2014;
Thobois et al.,, 2015) and predictions of weather and disaster,
and wind shear detection of aircraft and many other field tests
were conducted to verify its accuracy (Barbaresco et al., 2015;
Hallermeyer et al., 2016).

Leosphere Company was founded in 2004 and has close
cooperation with ONERA and the Technical University of
Denmark (DTU) with various products, including the land-
based WindCube series and wind turbine generator lidar
(Wind Iris series) (Thobois et al., 2014; Thobois et al., 2015),
that are widely applied in wind power generation (Kigle, 2017),
aviation security (Augros et al, 2012), weather broadcasting
(Gibert et al,, 2012), and air quality monitoring (Chen et al.,
2017).

Since the mid of the 1990s, the QinetiQ Company has always
focused on replacing CO, laser with fiber laser in C-DWL system
and succeeded in developing an all-fiber CW C-DWL system at
the end of the 1990s. The all-fiber pulsed C-DWL was also
developed in 2002 (Karlsson et al, 2000; Harris et al., 2001),
applied in wind power generation, and cooperated with DTU
(Pearson et al., 2002; Jorgensen et al., 2004; Bingol, 2005; Smith
et al., 2006).

The QinetiQ Company together with DTU developed the first
commercialized CW C-DWL system in 2003, with an adjustable-
focus telescope to detect the wind at different distances and a
unique algorithm to increase wind speed accuracy. The current
on-sale product is ZephIR300 that can be installed in land base,
vehicles, and wind turbine generators (Pearson et al., 2002).

SgurrEnergy Ltd. developed the Galion series pulsed C-DWL
system with DTU, which mainly works on wind field detection
and wind energy storage prediction of the wind farm (Gottschall
etal., 2014; Wang et al., 2014). In 2013, DTU reported the Galion
series measurement results of these years and proved that this
system was still stably working, and the current models are G250
and G4000 (Gottschall, 2013).
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TABLE 2 | Performance of 1.5-um C-DWLs.

Parameters A Energy Pulse Prf Detection
(um) (N)] width (KHz) range (km)
(ns)
MEC 1.54 10,900 228 15 5
MEC 1.5 5 500 0.4 1.5
FiberTek 1.5 120 800 25 -
SgurrEnergy 1.55 - - - 4
ONERA 1.545 500 650 10 16
NASA 1.5 240 400 20 0.4-10
Leosphere 1.54 - 25-200 - 12-14
LMCT 1.617 2,500 + 500 250 + 50 0.75 15
Halo- 1.562 1,150 - - 8
Photonics
SIOM 1.540 43 500 10 3
QinetiQ 1.548 50 24 30 0.5
ouc 1.55 50 400 10 4
USTC 1.548 100 300 15.625 6
USTC 1.548 300 800 10 10

Doppler Wind Lidar from UV to NIR

Spatial Wind Telescope References
resolution speed diameter
(m) accuracy (mm)
(m/s)
- - 100 Yanagisawa et al. (2001)
70 - 50 Chan and Lee (2012)
- - - Engin et al. (2016)
- 0.10 - Gottschall (2013)
200 0.19 - Lombard et al. (2015a)
15-60 0.2 101 Prasad et al. (2016)
25-200 0.1 - Thobois et al. (2014); Thobois et al.
(2015)
100 1 - Proctor and Hamilton (2009)
- 0.2 - Pearson et al. (2005)
75 0.2 50 Diao et al. (2014)
25 0.5 17.55 Pearson et al. (2002)
60 0.1 - Zhai et al. (2017)
60 0.5 80 Wang et al. (2017)
120 0.3 100 Wei et al. (2020)

Time(min)

15 2

Distance(km)

the polarization CDL.

25

FIGURE 4 | (A) The carrier-to-noise ratio (CNR) distribution of S states. (B) The CNR distribution of P states. (C) The distribution of depolarization ratio measured by

Halo-Photonics Company started developing a C-DWL system
based on the CO, laser at the end of the 1980s and developed a
1.548-pum pulsed C-DWL system based on fiber elements in 2001
and conducted an atmospheric wind field observation in the
following year. In 2004, Halo-Photonics Company developed a
high-power laser of 1.562-pm wavelength and 1.15-mJ pulse
energy based on the Er, Yb containing laser amplifier (Philippov
et al., 2004). Their C-DWL detection distance was improved to 8 km
through the application of this laser in the second year (Pearson
et al., 2005). It has been used to conduct the measurement of the
thunderstorm (Collier et al., 2008), CAT (Hogan et al., 2009), the
falling speed of ice cloud crystal (Westbrook et al, 2010), and
turbulence dissipation rate (O’Connor et al., 2010).

DTU Wind Energy focuses on relative techniques of the wind
energy field and has close cooperation with ZephIR, Leosphere, and

many other companies. Due to the strict limit of lidar cost in the wind
power generation field, DTU shows high interest in relatively cheap
CW C-DWL. The research group of Abari et al. (2014), Pedersen
etal. (2014), Abari et al. (2015a), and Abari et al. (2015b) theoretically
designed a CW-based C-DWL that could distinguish zonal wind
speed. Other groups in DTU are also dedicated to applying cheaper
semiconductor lasers to further reduce the cost of lidar production
(Rodrigo and Pedersen, 2012; Hu et al, 2014). Then, DTU
commercialized the WindScanner series with pulsed and CW
mode to detect wind field from 0- to 300-m height. The current
product lines of the Halo-Photonics company include the C-DWL
detection of visualized and 3D wind fields at near or far distances.
Their lidar with the longest detection distance is the Strean Line*®.

Li et al. (2010) from the 27th Research Institute of China
Electronics Technology Group (CETC27) has reported a C-DWL
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system based on 1.5-um CW that could measure wind speed
within 200 m. In 2013 and 2015, CETC27 separately reported
their developed all-fiber C-DWL system and a comparison
experiment at 800-m detection distance with good
performance (Pan et al., 2013).

Liu et al. (2012) from the Shanghai Institute of Optics and Fine
Mechanics (SIOM) firstly reported their all-fiber 1.538-um C-DWL
and upgraded it in 2014 to conduct detection at the distance of 3 km
horizontally and 1.9 km vertically (Diao et al., 2014), and in 2015,

they applied the non-linear least square method to inverse the vector
profile of wind speed (Diao et al., 2015).

Wu et al. (2014) from the Ocean University of China (OUC)
reported a 1.55-pm C-DWL system in 2014, and it has been
applied in wind field observation in the wind farm (Wu et al,
2016; Zhai et al, 2017). Later in 2018, they demonstrated an
optimization theory-based conjugated gradient algorithm that
inverses the wind field by the velocity replacing the conventional
Fourier transform algorithm (Changzhong et al., 2018).
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A research group from USTC successfully developed the C-
DWL that can simultaneously measure the wind field and
depolarization rate of the atmosphere (Wang et al. 2017).
Then, they proposed to apply the JTFA and the pulse
coding technique to increase the spatial resolution (Wang
et al, 2018; Wang et al, 2019). The power spectra
distribution of non-coding C-DWL and Golay coding C-

DWL are shown in Figure 5. An algorithm with accurate
noise modeling was then proposed and demonstrated to
correct the effect of a time-varying DC noise leakage from
the balanced detector, thus enabling a detection range of up to
10 km (Wei et al., 2020). Table 2 summarizes the performance
of 1.5-um C-DWLs from different organizations and
companies around the world.
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Polarization C-DWL

The coherent lidar usually could not detect the atmospheric
depolarization ratio and wind field simultaneously. The
research group from USTC has developed a type of all-fiber
C-DWL with a single balanced detector to simultaneously
measure the wind field and atmospheric depolarization ratio
(Wang et al., 2017). Compared with normal C-DWL, this lidar
uses a time-division multiplexer module, so that two signals
with perpendicular polarization states can be detected
alternately. This method needs only one detector to measure
the atmospheric depolarization ratio. This design, compared
with the multi-detector polarization lidar system, shows
superiorities in system simplicity and stability and does not
require periodical calibration. The atmospheric depolarization
ratio of polarization C-DWL is obtained from the ratio of CNR
of two channels, as shown in Figure 4A, B. The
calculated atmospheric depolarization ratio is illustrated in
Figure 4C.

Coding C-DWL

Wind field detection in high-distance resolution is one of the
most essential directions of Doppler lidar. By increasing the
distance resolution, DWL can be applied in the detection of
aircraft wake vortices, wind tunnels, and many other special cases.
Lidar based on the time-of-flight method can potentially reduce
the pulse width to increase the distance resolution, while under
the constraint of peak power of pulse laser energy, reducing the
pulse width will reduce the pulse energy, thus leading to a
lower SNR.

To solve that, the pulse coding technique is applied in C-DWL
to increase the pulse repetition frequency without reducing the
aliasing distance, and thus, the average power of the pulse is
increased (Wang et al., 2019). Due to the high distance resolution,
the coding system has a lower magnitude of the power spectrum,
compared with a non-coding system.

Another attempt to improve the distance resolution is the
DCP technique (Zhang et al., 2021). By employing pulse pair with
appropriate window functions, the DCP scheme offers an
approach to improve the distance resolution without
broadening the spectrum width. At a laser peak power of
250 W, with a spatial and temporal resolution of 3.3 m and
s, continuous radial wind profiling over 700 m is realized
with a maximum error of 0.1 m/s.

Atmospheric Multi-Parameter C-DWL

The output parameter of the traditional coherent lidar with a
single function contains only radial wind field data. Through a
depth analysis on the backscattering signal power spectrum of the
coherent lidar, the CNR, spectral width, skewness, and radial
speed could be obtained. Then, cloud base, the boundary layer
height, rain speed, wind shear, turbulence dissipation, and many
other atmospheric parameters could be inversed (Yuan et al,
2020).

A typical atmospheric multi-parameter C-DWL is applied
to provide meteorological services for the 70th anniversary of
China’s National Day, in Inner Mongolia, China (43°54' N,
115°58’ E) (Yuan et al., 2020). The output parameters contain
CNR, spectral width, skewness, horizontal wind speed and
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direction, vertical wind speed, turbulence intensity rate, and
wind shear intensity, as shown in Figure 6. Based on those
parameters, the atmospheric conditions could be
well-identified. Figure 7 shows the identification results of
atmospheric conditions.

APPLICATIONS OF DWL

Through numerous deployments over the past four decades, the
efficacy of DWLs for a variety of atmospheric applications has
been demonstrated, including airport surveillance for low-level
wind shear and wake vortex detection (Chan et al., 2006) (Dolfi-
Bouteyre et al., 2009b), wind turbine control (Wu et al.,, 2016),
atmospheric dynamics research, improvement of weather
forecasts, etc. Here, three typical examples are discussed in
more detail.

Atmospheric Turbulence Detection

Turbulence measurements using ground-based wind lidars are
reviewed in Sathe and Mann (2013). Various parameters are used
to estimate turbulence quantity using a lidar, including turbulent
kinetic energy dissipation rate (TKEDR), radial velocity variance,
coherence of the components of the wind field, etc. Continuous
C-DWL observations of low-level jets and turbulence during
September 27-28, 2019 are shown in Figure 8 (Yuan et al,
2020). The surface turbulence is generated by the drag of the low-
level jet, and the TKEDR is shown in Figure 8G. Convection
characteristics of vertical velocity also characterize turbulence, as
shown in Figure 8F. The cloud attenuates the solar radiation
sometimes during the daytime, thus decreasing the updraft.

Consequently, the turbulence is weakened, as shown in
Figure 8G.

Regarding the C-DWL measurement, the atmospheric
turbulence could be inversed to have an approximation of the
mixed layer height. A comparison experiment was carried out
between lidar with temperature control and lidar without
temperature control. The results showed that the TKEDR
threshold is a robust method for determining the boundary
layer height, compared with the CNR threshold method
(Wang et al., 2021).

Gravity Wave Detection

The atmospheric parameters (temperature, density, and wind
field) are quite sensitive to the variation of the gravity wave, and
the presence of gravity wave is closely related to the strong
convection current events, background wind field, and
disastrous weather. A long-lived GW in the ABL during a field
experiment in Anqing, China (116’58’ E, 30°37’ N) is analyzed
(Jia et al., 2019). Persistent GWs over 10 h with periods ranging
from 10 to 30 min in the ABL within 2-km height are detected by
a coherent Doppler lidar from four to five in September 2018, as
shown in Figure 9. Based on experiments and simplified two-
dimensional computational  fluid dynamics numerical
simulations, a reasonable generation mechanism of this
persistent wave is that the wind shear around the low-level jet
leads to wave generation in the condition of the light
horizontal wind.

Precipitation Detection
Recently, lidars have been extended to precipitation detection,
for their ability to detect the aerosol and precipitation signals
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simultaneously under rain conditions (Briickel, 1990; Wei
et al., 2019; Wei et al., 2021). By deep analysis on the power
spectrum, the C-DWL can provide precise wind and rain
detection with high spatial and temporal resolutions (Yuan
et al., 2020). Double-peak fitting is applied to separate the
aerosol and rain components in these power spectra.
The separation results of wind and rain are shown in
Figure 10.

Retrieval of the raindrop size distribution using C-DWL is
still a challenging work, as both accurate backscattering cross-
section at the working wavelength and reflectivity spectrum of
raindrop are required. To obtain raindrop size distribution
using the C-DWL, the Mie theory and the vectorial complex
ray model are applied to calculate backscattering cross-section
for small spherical raindrops and large oblate raindrops, and
then, iterative deconvolution method is proposed to separate
the reflectivity spectrum of a raindrop from the lidar power
spectrum (Wei et al., 2021). The statistical result of different
raindrop size spectra in different rain rates (RR) between
different lidar detections is illustrated in Figure 11 (Wei
et al., 2021).

DISCUSSION AND CONCLUSION

In terms of the conclusion from the development history of DWL,
the progress of DWL is summarized in the following:

v In the commercial view, there are many private companies
with commercialized products.

v From gas to solid state and to all fiber, the C-DWL wavelength
varies from 10.6 to 1.06, 2, and 1.5um. The current
mainstream wavelength is 1.5 pm.

v/ Direct wind measurement lidar has advantages for global
wind field acquisition by combining Mie and Rayleigh
scattering.

v/ Regarding the C-DWL detection, the enhancement of the
coherent detection technique improves the wind detection
sensitivity and increases the distance. Limited by the aerosol
concentration, the vertical detection range is set within 5-km
height while applying an in-line fiber amplifier, and pump
amplifier increases the laser energy potentially, thus
allowing a longer vertical distance detection.
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v Human eye safety should be guaranteed. The mature optics
manufacturing, high atmospheric window transmittance, and
many other superiorities of 1.5-um laser further consolidate its
leading position.

v/ In the signal-processing view, the algorithm develops from
traditional Fourier transform and periodogram to JTFA, and
many other algorithms draw the whole signals in time-frequency
domain to improve the systematic distance resolution.

With the development of techniques in laser,

manufacturing, and signal processing, the DWL could be
constructed in an all-fiber structure and subsequently
miniaturized and integrated. Hopefully, this review could
give some inspiration, instructions, and prosecutions in the
following development of DWL research.
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